INTRODUCTION
In addition to the primary symptoms arising from inflammatory processes in the joints, muscle weakness and impaired work capacity are commonly reported by patients with rheumatoid arthritis (RA). The degree of muscle impairment appears to depend on the severity of the disease, and reductions in muscle strength up to 70% have been reported in patients with severe RA. 1 Although decreased muscle strength is traditionally thought to be caused by a loss of muscle mass, impaired intrinsic contractility is also present in patients with RA. 2 In line with this, tetanic force per crosssectional area was markedly reduced in whole muscles from mice with collagen-induced arthritis (CIA), 3 a mouse model that displays many pathological characteristics of human RA. 4 Skeletal muscle produces low levels of reactive oxygen and nitrogen species (ROS/RNS) that are necessary for normal metabolism, gene regulation and modulation of cellular signalling. 5 However, high levels of ROS/RNS have been associated with damage of cellular components and contractile dysfunction. [6] [7] [8] [9] Many studies suggest that overproduction of nitric oxide (NO) contributes to the pathogenesis of chronic arthritis and it is known that NO synthase (NOS) inhibitors reduce joint inflammation in experimental models of arthritis. 10 Mammalian skeletal muscle fibres can express three isoforms of NOS: the neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) isoform. Synthesis of NO from eNOS and nNOS depends on increases in the free cytosolic Ca 2+ concentration ([Ca 2+ ] i ).
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Ca 2+ is required for muscle contraction, and tightly controlled Ca 2+ homeostasis is crucial for normal muscle function. The major Ca 2+ release channel in skeletal muscle fibres, the ryanodine receptor 1(RyR1) protein complex, is highly sensitive to ROS/RNS and its channel activity is dramatically altered by redox modifications. 12 For instance, increases in RNS impair RyR1-mediated Ca 2+ homeostasis and contribute to contractile dysfunction in muscle disorders. [6] [7] [8] [9] Moreover, there are several important interactions between Ca 2+ and nNOS: the activity and transcription of nNOS are stimulated by Ca 2+ ; nNOS can be co-localised with RyR and in disease states nNOS may move from the sarcolemma to the sarcoplasmic reticulum (SR). 13 Here we investigate the mechanisms behind arthritis-induced skeletal muscle weakness with special focus on the role of nitrosative stress on intracellular Ca 2+ handling and myofibrillar force production.
MATERIALS AND METHODS Ethical approval
The Ethics Committee of the Karolinska Institutet and the Regional Research Ethics Committee of Southern Sweden approved the study. All animal experiments complied with the Swedish Animal Open Access Scan to access more free content
Welfare Act, the Swedish Welfare ordinance and applicable regulations and recommendations from Swedish authorities. The study was approved by the Stockholm North Ethical Committee on Animal Experiments.
Patients with RA and healthy controls
The study was performed with seven patients with RA who fulfilled the 1987 American College of Rheumatology criteria 14 and a control group of seven age-matched (age range 45-75 years) without inflammatory disease. Four of the patients with RA were recruited from a phase IV clinical trial (Clinicaltrials.gov, NCT01270087) of patients with active disease despite standard treatment with non-biological disease-modifying antirheumatic drugs. The other three patients had early RA (<24 months' disease duration) and were on stable medication since at least 3 months. Muscle biopsies from patients with RA and healthy controls were obtained at rest from musculus femoris vastus lateralis or musculus tibialis anterior using a semiopen biopsy technique. Muscle tissue samples were flash frozen in liquid nitrogen and stored at −80°C.
Induction and evaluation of CIA
CIA was induced in female DBA/1 mice as described previously. 3 Briefly, a preparation of 100 μg of type II collagen (CII) obtained from bovine nasal cartilage and 300 μg of Mycobacterium tuberculosis in 0.1 mL of emulsion was injected subcutaneously into the base of the tail. On day 28, the animals were boosted with a subcutaneous injection of 100 μg of CII in Freund's incomplete adjuvant. Control mice were injected with 0.1 mL saline on both occasions. Mice were housed in standard cages with a 12 h light/dark cycle. They had free access to food and water, which were placed on the floor of the cages. Mice were monitored daily to ensure that a sufficient health and nutritional status was maintained. The development of erythema and swelling of the toe, metatarsophalangeal and ankle joints were followed on a daily basis. Individual paws were scored for inflammation on a scale of 0-3 as follows: 0=normal, 1=one joint affected, 2=two joints affected and 3=whole paw affected. Mice were killed by rapid neck disarticulation and muscles were mainly excised from hind limbs of CIA mice with severe inflammation (score 3) and from saline-treated control mice; in some experiments, we also used muscles from CIA mice with mild inflammation (score 0-1). 2+ ] i and force in mechanically dissected single fibres Single intact flexor digitorium brevis (FDB) fibres (fast-twitch, type II) were obtained by dissection and thereafter mounted in a chamber between a force transducer and an adjustable holder. Fibres were superfused with Tyrode solution of the following composition (mM): 121 NaCl, 5 KCl, 0.5 MgCl 2 , 0.4 Na 2 HPO 4 , 1.8 CaCl 2 , 0.1 EDTA, 24 NaHCO 3 and 5.5 glucose, and fetal calf serum (0.2%). The solutions was bubbled with 95% O 2 -5% CO 2 ( pH 7.4). The fibre length was adjusted to obtain maximum tetanic force. The diameter of the fibre at this length was used to calculate the cross-sectional area. Experiments were performed at room temperature (∼24°C). The fibre was stimulated with supramaximal electrical pulses (0.5 ms in duration) delivered via platinum electrodes placed along the long axis of the fibre. 
Measurement of [Ca

Immunoprecipitation
The lysate (500 μg) was incubated at 4°C overnight with anti-RyR1 antibody in 500 μL of modified RIPA buffer consisting of (in mM) 10 Tris-HCl ( pH 7.5), 150 NaCl, 5 NaF, 1 Na-Orthovanadate, 1% Triton X-100 and one tablet of protease inhibitor. The immune complexes were incubated with Dynabeads Protein G (Invitrogen) for 2 h at 4°C, after which the beads were washed three times with 100 mM Na-acetate solution ( pH 5.0). Proteins were separated by electrophoresis and immunoblots were performed as described above and quantified relative to RyR1 expression.
Myofibrillar force
Small pieces of the muscle samples were homogenised following standard procedures, 16 which resulted in a solution containing isolated myofibrils. The myofibrils were transferred into an experimental chamber placed on the top of an inverted microscope equipped with a system of atomic force cantilevers (AFC). 17 A laser is shined upon and reflects from a precalibrated AFC, which acts as a force transducer. The cantilever deflection caused by myofibril activation is detected and recorded using a photo-quadrant detector. Since the stiffness of the AFC (K) is known and we measure the amount of cantilever displacement (Δd), the force (F) can be calculated as F=K • Δd.
Myofibrils were chosen for mechanical testing based on striation pattern and number of sarcomeres in series (between 10 and 30). Under high magnification, the contrast between the dark bands of myosin (A-bands) and the light bands of actin (I-bands) provided a dark-light intensity pattern, representing the striation pattern produced by the sarcomeres, which allowed measurements of sarcomere length during the experiments. Using micromanipulators, the myofibrils were attached between the AFC and a rigid glass needle. A computer-controlled, multichannel fluidic system connected to a double-barrelled pipette was used for activation of the myofibril in solutions with different Ca 2+ concentrations (15°C). Length changes during the experiments were induced with a rigid micro-needle connected to a piezoelectric motor.
Once the myofibrils were fully activated and maximal force for a given Ca 2+ concentration was obtained, they underwent shortening (amplitude 30% of sarcomere length; speed 10 mm/ s) during which the force declined and then rapidly redeveloped to reach a new steady state.
The maximal force produced by the myofibrils was calculated after force development stabilisation. Forces were averaged for a Basic and translational research period of 2 s reach steady state. All forces were normalised by the myofibril cross-sectional area. For each contraction, rates of force development (K Act ) and redevelopment (K Redev ) were analysed with a two-exponential equation (a*(1-exp(-K*t)-exp(-l*t))+b), and the fast phase of relaxation (K Relax ) was analysed with a singleexponential equation (a*exp(-K*(t-c))+b). For both equations, F is force, t is time, K is the rate constant for force development, a is the amplitude of the exponential, and b and c are constants.
Statistics
Data are presented as mean±SE. Statistical difference between two groups was established with unpaired or paired Student t test. A p value less than 0.05 was regarded as statistically significant.
RESULTS
Increased nNOS protein expression in muscles of CIA mice and patients with RA
The total nNOS protein expression was markedly increased in fast-twitch (FDB) muscles from CIA mice (figure 1A and C), which is in accordance with previous data from slow-twitch (soleus) muscles. 3 The protein expression of eNOS did not differ between the CIA and control FDB muscles and iNOS expression was not detected in either CIA or control muscles (figure 1A and C), which is also in agreement with previous results from soleus muscles. 3 CIA muscles were studied 16±1 day post the second injection (see 'Methods'), hence we do not expect iNOS expression since it has been shown to increase directly after injection and thereafter return to baseline within ∼24 h. 18 We also compared nNOS protein expression in vastus lateralis or tibialis anterior muscles (mixed muscle fibre types) from patients with RA and healthy controls and observed a higher expression in muscles from RA patients ( figure 1B-C) . Interestingly, nNOS appears to run lower on the gel in patients with RA compared with healthy controls, which could be due to post-translational modifications as reported previously. 19 Together, data from both the animal model and human biopsies show that arthritis is accompanied with higher nNOS expression in muscles.
Increased amount of nNOS and nitrosative stress on the RyR1 complex in muscle fibres from CIA mice Immunoprecipitation of RyR1 was used to assess the link between nNOS and the RyR1 macromolecular complex in CIA Basic and translational research muscles. There was a marked increase in the amount of nNOS bound to the RyR1 channel complex in all three CIA muscle types tested; fast-twitch extensor digitorum longus (EDL) and FDB and slow-twitch soleus ( figure 2A-B) . There was no difference in total RyR1 or DHPR protein expression between CIA and control muscles (see online supplementary figure S1). Further, NO produced in the presence of superoxide (O 2 •− ) will rapidly react to form the powerful RNS peroxynitrite (ONOO − ), which can react with proteins and have deleterious effects. 20 Intriguingly, nNOS can produce both NO and O 2
•− and may in this way directly increase ONOO − formation. 21 3-NT can be used as a footprint of peroxynitrite production in vivo. 20 3-morpholinosydnonimine-N-ethylcarbamide (SIN-1) is a peroxynitrite donor, 22 and control experiments were performed where FDB muscles were incubated with increasing concentrations of SIN-1 and this resulted in increasing 3-NT signal ( figure 2C-D) . Importantly, figure 2E-F shows that proteins of the RyR1 macromolecular complex from CIA muscle, especially in proteins at ∼150 kDa, have a marked increase in the 3-NT content. This means that proteins of the macromolecular complex that regulate RyR1 activity, rather than the large RyR1 monomer (∼500 kDa) itself, appear to be targets of RNS under these conditions. 23 One tentative target, the transverse tubular voltage sensor DHPR α2-subunit (∼150 kDa) was addressed by immunoprecipitation. These experiments showed similar 3-NT content on this DHPR subunit, as well as on proteins bound to it, in CIA and control muscles (see online supplementary figure  S2) . Thus, the exact nature of the 3-NT-modified proteins associated with RyR1 remains to be established.
Nitrosative stress on the RyR1 complex is associated with increased tetanic [Ca 2+ ] i
To assess whether changes in the RyR1 channel complex affected SR Ca 2+ handling, we compared basal and tetanic [Ca 2+ ] i and force production in CIA and control muscle fibres. We observed no difference in basal [Ca 2+ ] i between CIA and control fibres (87 ±13 vs 79±0.6 nM, n=6, p=0.65). On the other hand, tetanic [Ca 2+ ] i was significantly higher over the whole range of stimulation frequencies (15-120 Hz) in fibres from CIA mice (representative original records at 120 Hz in figure 3A and mean data in figure 3B ). Intriguingly, tetanic [Ca 2+ ] i was almost twice as high in CIA fibres than in control fibres at the higher stimulation frequencies (50-120 Hz).
Intrinsic muscle weakness in muscle fibres from CIA mice
No atrophy or loss in actin or myosin content was observed in muscles from CIA mice ( figure 3C-D) . In fact, the isolated CIA single fibres in which [Ca 2+ ] i and force were measured had a slightly larger cross-sectional area than the control fibres (647 ±24 vs 486±38 mm 2 , n=9-10, p<0.01). However, specific force (ie, force per cross-sectional area) was lower in CIA than in control fibres ( figure 3A and E) . To further analyse the decreased specific force in CIA fibres, we plotted mean forces obtained in the two groups at different frequencies against the corresponding [Ca 2+ ] i values ( figure 3F ). Force-[Ca 2+ ] i curves were then constructed by fitting the mean data points to the following equation:
where P is the measured force, P max the predicted maximum force at saturating ) and higher Ca 50 (0.75 vs 0.54 mM) in CIA than in control fibres, whereas the steepness of the relationships was similar (N 2.46 vs 2.94). Thus, the decreased force in CIA fibres was due to a combination of two myofibrillar impairments: decreased ability to generate force and reduced Ca 2+ sensitivity. The mechanism (s) underlying these impairments would be post-translational modifications because we detected no differences in the total content of the two major myofibrillar proteins, actin and myosin ( figure 3C-D) .
To further study mechanisms behind the increased tetanic [Ca 2+ ] i and decreased force in CIA fibres, some fibres were exposed to caffeine (5 mM), a potent RyR1 agonist. 12 The rationale behind these experiments is that tetanic stimulation in the presence of caffeine will release virtually all Ca 2+ stored in the SR and tetanic [Ca 2+ ] i will reach a level high enough to maximally activate the contractile machinery. 24 Figure 4A shows representative original records of [Ca 2+ ] i , and force from 120 Hz tetani produced in the absence and presence of caffeine and mean data are shown in figure 4B-C figure 3B) is not caused by increased SR Ca 2+ storage, but rather facilitated RyR1 Ca 2+ release. The increased tetanic [Ca 2+ ] i with caffeine had no notable effect on force production in either CIA or control fibres (figure 4C), which can be explained by tetanic force at 120 Hz being close to maximal already before caffeine application (see figure 3E) . 
Nitrosative stress of contractile proteins behind muscle weakness
Muscles from mice with RA are significantly affected by weakness, which is caused by impairments in the contractile machinery (see figure 3-4) . Figure 5A and C shows that actin, but not myosin, in CIA muscles is attacked by ONOO − as shown by the increased nitration (3-NT Actin ). Malondialdehyde (MDA) is a common marker of oxidative stress and the same holds for oxyblot that measures the amount of carbonylation. 25 No difference in MDA content ( figure 5B, D) or carbonylation on actin and myosin was observed between the CIA and control group (oxyblot Actin 1.01±0.26 vs 1.02±0.23; oxyblot Myosin 0.94±0.13 vs 1.02±0.23 A.U., n=5-6).
Increased 3-NT content on both the RyR1 complex and on actin in muscles from CIA mice suggests that the redox balance is specifically shifted towards increased ONOO − production in these muscles ( figure 2D-E, 5A, C) . Since 3-NT binding is a covalent post-translational protein modification, it should not be affected by acute exposure to either oxidising or reducing agents. Thus, if the force decrease in CIA muscle depends on actin nitration, this force depression should be little affected by exposure to the oxidant tert-butyl hydroperoxide (t-BuOOH) or the reducing agent dithiothreitol (DTT), which both have relatively large effects on force production under control conditions. 15 
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Accordingly, neither 10 min exposure to t-BuOOH (10 mM) nor DTT (1 mM) had any significant effect (p>0.5) on force generation in CIA muscle fibres at any stimulation frequency (eg, force at 120 Hz before and after t-BuOOH was 197±30 vs 191±4 kN/m 2 (n=3), and before and after DTT 260±20 vs 242±19 kN/m 2 (n=3)). Some experiments were performed on fast-twitch muscles from CIA mice displaying only mild inflammation (score 0-1). The protein expression of nNOS, as well as eNOS, in these muscles was similar to controls. Moreover, force production was similar in these CIA muscles and control muscles (see online supplementary figure S3) .
Finally, the actin-myosin interactions were studied in more detail by bypassing the normal activation (ie, DHPR-RyR1 coupling and Ca 2+ release) and directly activate myofibrils and measure force production with atomic force cantilevers. Figure 5E -G shows that the active force in myofibrils from CIA mice was markedly lower than in myofibrils of healthy controls at both pCa (-log [Ca 2+ ]) 4.5 and 5.5. Moreover, the force-pCa 2+ relationship was shifted to the right in CIA myofibrils ( figure 5H) , that is, their myofibrillar Ca 2+ sensitivity was decreased, whereas the steepness of the relationship was not affected. After being fully activated, myofibrils were rapidly shortened. The rates of force development during the initial activation (K Act ) and after the shortening (K Redev ) were lower in CIA myofibrils (figure 5I). To assess whether slowed cross-bridge kinetics occurred also in intact muscle fibres from CIA mice, we measured the rates of activation and relaxation in tetanic contractions with maximal activation, that is, in the presence of caffeine (see figure 4) . Average force records then showed slightly lower rates of activation (∼15%) and relaxation (∼30%) in CIA than in control fibres (see online supplementary figure S4) .
DISCUSSION
We here demonstrate that increased nNOS protein levels in skeletal muscle are present in patients with RA as well as in the CIA mouse model of RA. We also show markedly increased formation of nNOS-RyR1 complexes in skeletal muscles from CIA mice. These changes were accompanied by a substantial increase in tetanic [Ca 2+ ] i . However, specific force was reduced by approximately one-third in individual fast-twitch muscle fibres of CIA mice. We show that this muscle weakness can be explained by decreased myofibrillar force production, which could be a consequence of increased levels of nitrosative stress on actin.
We have previously shown a force decrease of similar magnitude in slow-twitch CIA soleus (type I) muscles, although in those muscles myosin and troponin I were affected by reversible nitrosylation. 3 Here in fast-twitch (type II) muscles, proteins are also nitrosylated, but we observed no differences in SNO content between CIA and healthy controls (see online supplementary figure S5 ). Instead, irreversible 3-NT protein modifications induced by ONOO − -derived radicals 20 on the RyR1 complex and actin were observed. Altered footprints and modifications of ROS/ RNS between muscle types are expected considering their different characteristics and metabolic features, for example, slow-twitch fibres have high oxidative capacity and more superoxide dismutase (SOD, preferentially mitochondrial SOD) than fast-twitch fibres with high glycolytic capacity and a less effective ROS/RNS defence system. 5 29 Limitations in human muscle biopsy material prevented us from comparing the RyR1 channel complex and actin in patients with RA and healthy controls. However, Salanova and colleagues recently demonstrated co-localisation of RyR1 with nNOS in skeletal muscle from healthy human subjects, 30 and it was previously shown that nNOS can shuttle between the sarcolemma and the SR. 13 Moreover, despite using a rather heterogeneous group of patients with RA, we observed a marked increase in nNOS, which suggests that this is a central (mal)adaptation in patients with arthritis.
Our results indicate a central causative role of increased ONOO − formation and protein nitration in the weakness observed in CIA muscles. Increased ONOO − production occurs as a consequence of temporally and spatially coordinated increases in NO and O 2
•− . We here show an increased nNOS expression in muscles both from CIA mice and patients with RA, which would increase NO production. The source of O 2
•− is more uncertain and was not directly assessed in the present study. Intriguingly, nNOS can produce both NO and O 2
•− and may in this way directly increase ONOO − formation. 21 Although other sources of O 2 •− formation cannot be excluded, nNOS-derived O 2
•− generation is an attractive candidate for increased ONOO − production because NO and O 2 •− will then be produced at the same site, which minimises the necessity of diffusion of these reactive molecules. Moreover, muscles of CIA mice with mild inflammation showed no increase in nNOS protein expression and their force production was similar to controls. This shows that increased nNOS is not an obligate consequence of inflammation and hence strengthens the causative link between nNOS and muscle weakness in arthritis. However, the ultimate proof of the proposed link is missing and would require usage of other experimental models, for example, force measurements in nNOS-deficient muscles from subjects displaying severe arthritis.
We show similar impairments in contractile function in isolated muscle fibres and isolated myofibrils from CIA mice: ∼30% decrease in force at saturating [Ca 2+ ]; decreased myofibrillar Ca 2+ sensitivity without any change in the steepness of force- [Ca 2+ ] relationship and slowed force development. These contractile impairments were caused by stable modification(s) since they were observed even after isolation of myofibrils and single-muscle fibres, and the contractile impairments in the latter preparation were not affected by subsequent exposures to an oxidising (t-BuOOH) or a reducing (DTT) agent. Intriguingly, stable deficiencies in the same contractile parameters were observed in skinned rat skeletal muscle fibres after exposure to the ONOO − -donor SIN-1. 26 We propose that the impaired contractility in CIA muscles involves ONOO − -mediated 3-NT accumulation on actin (see figure 5A) , which is a covalent modification and hence stable. This proposal is supported by results from in vitro motility assay experiments, which indicate a causative relationship between ONOO − -induced actin nitration and defective myofibrillar function. 31 However, other modifications are likely to contribute to the impaired myofibrillar function in CIA muscles and these remain to be established.
In conclusion, we show that the contractile dysfunction in CIA skeletal muscle is associated with increased production of RNS and impaired actin-myosin force production. Figure 6 outlines a tentative vicious circle in which increases in nNOS and [Ca 2+ ] i lead to a progressively larger actin nitration, which plays a key role in the development of muscle weakness. Pharmacological intervention targeting RyR1 to stabilise SR Ca 2+ release may be a promising strategy to protect against arthritis-induced muscle weakness, for example, treatment with AICAR (5-aminoimidazole-4-carboxamide ribonucleotide) or S107 that have been shown to stabilise RyR1 activity.
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Figure 6 Schematic model of intracellular mechanisms underlying muscle weakness in arthritis. nNOS is globally increased in arthritic muscle and more nNOS is bound to the RyR1 protein complex. This leads to RNS-induced modifications of the RyR1 protein complex and the SR Ca 2+ release during contractions increases, which further activates the Ca 2+ -sensitive nNOS and RNS production is augmented. The increased amounts of RNS attack myofibrillar proteins, such as actin, and cause contractile dysfunction and muscle weakness.
